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SPOKEN WORD SPOT TING OTTKRTF.S 



Cross-Reference to Related Applications 



[01] This application claims the benefit of U.S. Provisional Application No. 
60/489,589 filed July 23, 2003, which is incorporated herein by reference. 



Background 



10 [02] 



This invention relates to word spotting using spoken queries. 



[03] 



Word spotting (which is understood to include phrase spotting, spotting of 



more complex linguistically-based events, and related techniques for detection of 
events) is a type of speech recognition in which occurrences of linguistically-based 
events are detected in an input acoustically-based signal. Word spotting, as well as 
15 speech recognition in general, has been performed using phonetically-based statistical 
models. In such word spotting systems, a query is represented in terms of phonetic 
units, for instance as a sequence of phonemes, which are then used to construct 
statistical models based on parameters associated with the phonemes. 

[04] When a query is represented in text form, it can be converted into a 

20 phonetic representation using dictionaries and/or linguistic rules. The accuracy of the 
phonetic representation can affect the ability of the word spotting system to detect 
occurrences of the query. 



25 corresponding system and computer software, in which query data from one or more 
spoken instance of a query are accepted, and then processed. Processing the query 
data including determining a representation of the query that defines multiple 
sequences of subword units each representing the query. Then putative instances of 
the query are located in input data from an audio signal using the determined 

30 representation of the query. 

[06] Aspects of the invention can include one or more of the following features: 



Summary 



[05] 



In one aspect, in general, the invention features a method, and 
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5 [07] The query can represent a single word, a phrase or sequence of words, a 
larger linguistic unit, or a complex query such as a Boolean query of a query that 
includes components such as a wildcard or a time interval. 

[08] A speech recognition algorithm, which may be implemented as a software 
procedure and/or a hardware circuit, is applied to the query data. The speech 
10 recognition algorithm can be a statistical algorithm, such as one based on Hidden 
Markov Models (HMMs), or be based on other pattern matching approaches. 

[09] The query data can represent the spoken instances of the query as 
waveform samples, signal processing features, or other acoustically-based data. The 
query data can also include the result of application of another speech recognition 
1 5 algorithm or procedure. 

[010] The subword units can include linguistic units, such as phonetically-based 
units. 

[011] A word spotting algorithm configured using the determined representation 
of the query can be applied to locate the putative instances of the query. 

20 [012] Parameter values of the speech recognition algorithm for application to the 
query data are selected according to characteristics of the word spotting algorithm. 
The parameter values of the speech recognition algorithm can be selected to optimize 
an accuracy (or other performance measure) of the word spotting algorithm. For 
example, an expected detection rate or a false alarm rate or a combination of the two 

25 can be optimized. 

[013] The parameters for which values can be selected can include one or more 
of an insertion factor, a recognition search beam width, a recognition grammar factor, 
and a number of recognition hypotheses. 

[014] Determining the representation of the query can include determining a 
30 network of the subword units. The multiple sequences of subword units can then 
correspond to different paths through the network. 

[015] An n-best list of recognition results can also be determined, and each of 
the multiple sequences of subword units can correspond to a different one in the n- 
best list of recognition results. 

35 [016] Audio data representing the spoken utterances of the query spoken by a 
user, and processed to form the query data. 
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5 [017] A user can make a selection portions of stored data from a previously 
accepted audio signal, and these portions of the stored data are processed to form the 
query data. 

101 8J Prior to accepting the selection by the user, the previously accepted audio 
signal can be processed according to a first speech recognition algorithm to produce 
10 the stored data. This first speech recognition algorithm can produce data related to 
presence of the subword units at different times in the audio signal. Processing the 
query data then includes applying a second speech recognition algorithm to the query 
data. 

[01 9] Aspects of the invention can include one or more of the following 
15 advantages. 

[020] By choosing the parameters of the speech recognition algorithm according 
to the performance of the word spotting algorithm, the accuracy of the word spotting 
algorithm can be improved as compared to choosing parameters for the speech 
recognition algorithm according to an accuracy of that algorithm. For example, if the 
20 subword units are phonemes, the parameters of the speech recognition system are not 
necessarily chosen to optimize phonemic transcription accuracy and can rather be 
chosen to optimize word spotting accuracy. 

[021] Use of spoken queries, as opposed to text-based queries, allows hands-free 
operation of an audio search engine. For example, in applications such as video 
25 editing, an operator may not have hands free to easily use a keyboard, but can speak 
portions of dialog which is then located. 

[022] Queries can be processed without necessarily having a dictionary or letter- 
to-sound rules for a target language. Furthermore, processing of the query can be 
optimized for cross-language applications in which the query is spoken in a first 
30 language but the second speech recognition system has been trained for a second 
language. 

[023] Other features and advantages of the invention are apparent from the 
following description, and from the claims. 

Description of Drawings 
35 [024] FIG. 1 is a block diagram of a word spotting system. 



-3- 



WO 2005/010866 



PCT/US2004/023676 



5 [025J FIG. 2 is a looped phoneme grammar. 

[026] FIG. 3 is network representation of a query. 

[027J FIG. 4 is a network representation of a query formed using an n-best 
approach. 

Description 

10 [028] Referring to FIG. 1 , a word spotting system 1 00 uses a spoken query 1 40 
to process unknown speech 170 to locate putative query instances 190 associated with 
the query in the unknown speech. Unknown speech 170 includes acoustically-based 
data which is derived from an acoustic signal by sampling the waveform and 
optionally computing signal processing features or statistically based quantities based 

15 on the waveform independently of the spoken query. 

[029] In different modes of operation of the word spotting system 1 00, the 
spoken query 140 can be based on one or more of a number of sources of acoustic 
input, including being based on an utterance by a user of the system, or on a segment 
of acoustically-based data derived from an earlier acoustic input. For user-based 

20 input, a user of the system speaks the query one or more times, and the system 

processes the acoustic input of the user's utterances. For example, if the user want to 
locate instances of a person's name (which the user may not know how to spell, or 
may originate in a foreign language and therefore may not have a well-defined 
representation using English units), the user speaks the name into a microphone and 

25 the system processes that speech to form the query. 

[030] The word spotting system 1 00 includes a query recognizer 1 50, which 
includes an implementation of a speech recognition algorithm and which is used to 
process acoustically-based data associated with the spoken query. The query 
recognizer 150 produces a processed query 160. The processed query 160 includes a 

30 data representation of the query in terms of subword linguistic units, which in this 
version of the system are English language phonemes. This representation of the 
query defines one or more possible sequences of subword units that can each 
correspond to the query. The data representation of the processed query 160 defines a 
network representation of the query such that paths through the network each 

35 correspond to a possible sequence of subword units. 
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5 [031] A word spotting engine 180 then uses the processed query 160 to process 
the unknown speech 170, which is input to the word spotting system 100. The word 
spotting engine 180 determines time locations at which the query is likely to have 
occurred, optionally each associated with a score that characterizes a confidence that 
the query truly occurred there. These time locations are referred to as "putative" 
10 query instances because it is possible that some of the instances do not truly 
correspond to the query having been spoken at those times. 

[032] Both the query recognizer 150 and the word spotting engine 180 make use 
of Hidden Markov Model (HMM) technology, which make use of subword models 
130 that are trained based on training recordings 1 10. A training system 120 
15 implements a statistical training procedure to determine observation models and state 
transition probabilities of the subword models. The subword models 130 include a set 
of English-language phoneme. In this version of the system, each phoneme is 
represented as a three-state "left-to-right" model. Other forms of HMMs can 
alternatively be used for the subwork units. 

20 [033] The word spotting engine uses a probability scoring approach in which a 
probability of the query event occurring is computed for different times in the 
unknown speech and putative query instances are reported when the probability 
exceeds a threshold. 



25 



30 



[034] There are alternative versions of the query recognizer 1 50, or ways of 
configuring the query recognizer, which produces processed query 160. In one 
version, the query recognizer 150 recognizes the spoken query using a looped 
phoneme grammar as shown in FIG. 2. The nodes "aa" through "zh" represent the 
different phoneme subword units, and "pau" represents a model for a silence or inter- 
word pause. 



[035] The processed query 1 60 produced by the query recognizer can take the 
form of a network representation of a phoneme lattice. For example, the network 
shown in FIG. 3 is a network representation of a phoneme lattice associated with a 
spoken query of the word "jury." This network is generated by first computing a 
phoneme lattice for the spoken query, and then representing all or an automatically 
35 selected subset of elements of the lattice as a network. 

[036] Another way for the query recognizer 1 50 to produce the processed query 
160 is to perform an n-best recognition of the spoken query based on the phoneme 
grammar shown in FIG. 2. Each of the n-best phoneme recognition results is then 
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5 used to form one branch of a network with parallel branches. Such a network formed 
by an n-best approach is shown in FIG. 4, again for the word "jury." The n-best lists 
can be computed from a phoneme lattice determined from the spoken query. 

1037] Another way for the query recognizer 1 50 to produce the processed query 
160 is to generate a confusion network from a phoneme lattice. The confusing 
10 network includes a series of parallel combinations of confusable phonemes that 
together represent the query. 

[038] In another alternative, rather than using the phoneme grammar shown in 
FIG. 2, an n-gram Markov model can be used to introduce prior sequence 
probabilities for the subword units into the recognition of the spoken query. 

15 [039] Parameters of the query recognizer 150, which affect the processing of a 
spoken query 140 to form the processed query 160, are chosen so that the resulting 
processed query 160 yields accurate results when used by the word spotting engine 
180. These parameters do not necessarily correspond to parameters that might be 
chosen to yield the highest phoneme accuracy if the query recognizer were evaluated 

20 in those terms. 

[040] The choice of values of the parameters for the query recognizer 1 50 is 
determined by using a number of reference queries that are processed by the query 
recognizer for various settings of the parameter values. The different processed 
queries which correspond to the different values of the parameters are used by the 
25 word spotting engine to process known input speech in which the true locations of 
query events are known but not used by the word spotting engine. After processing 
the known speech with the word spotting engine, an overall performance is quantified 
for the various different choices of parameter values, and the set of parameter values 
that yields the highest performance is chosen for configuring the query recognizer. 

30 [041] Alternative parameter selection approached can also be used. For 

example, one class of alternative approaches is based on an iteration in which overall 
performance is measured or estimated for a set of parameter values at each iteration, 
and the set of parameter values is updated and performance measured repeatedly until 
a final set of parameter values are chosen when the iteration converges or is 
terminated by a predetermined rule (e.g., based on the number of iterations or on the 
change in the parameter values on successive iterations). 



35 
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10 



15 



20 



[042] Different measures of overall performance can be used, and in general, 
each of these different measures corresponds to different best set of values of the 
parameters. For example, one set of parameter values may be best suited to yield a 
high detection rate for queries, another for the lowest false alarm rate, and another for 
the best tradeoff between false alarms and detections. 

[043] A number of different parameters of the query recognizer have been found 
to actually affect, or are expected to affect, the accuracy of the word spotting engine. 
One such parameter is a phoneme insertion factor, typically represented as a penalty 
that is introduced affect the length in number of phonemes that are produced by the 
query recognizer. Reducing the penalty generally increases the length of phoneme 
sequences produced by the query recognizer in processing a spoken query. In 
experiments, it has been found that this penalty is best set at a value that typically 
generates more phonemes than are found in phonetic transcription of the query. 

[044] Another parameter is a beamwidth in a Viterbi algorithm HMM search 
carried out by the query recognizer 1 50. The beamwidth parameter is a pruning 
parameter that affects which or how many partial hypotheses are pruned during 
recognition because they are relatively unlikely as compared to the highest or higher 
scoring hypotheses. With a larger beamwidth parameter, the network representations 
in the processed query 160 tend to be "fuller" representing a larger number of 
different possible phoneme sequences for the query. 

25 [045] Another parameter is the number of recognition hypotheses in an n-best 
approach. The larger "n" the more alternative phoneme sequences are used to 
represent the query. Yet another parameter relates to the contribution, or weight, of 
the phoneme n-gram probabilities during recognition of the spoken query. 

[046] In some versions of the word spotting system 100, multiple examples of a 
30 query are used as the spoken query 140 that is input to the query recognizer 1 50. For 
instance, the user can speak a query multiple times. These multiple spoken queries 
are then combined by the query recognizer to form a single processed query. Each 
instance of the spoken query can be associated with a distinct portion of the network, 
for example, by combining the n-best recognition results for each instance, or 
35 combined to form a single overall network. 

[047] In another way of using multiple examples of a query, rather than the user 
repeatedly speaking a query, the user identifies portions of an acoustically-based data 
of an earlier acoustic signal, for example, identifying portions of a previously 
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5 recorded waveform. The earlier acoustic signal may, for example, be associated with 
the unknown speech that is input to the system, or be associated with a training corpus 
of representative acoustic input. In this way, further instances of the same words or 
phases can be detected. 

[048] The approach of using utterances by the user and instances of the query in 
10 previous acoustic input can be combined such that some examples come from the user 
and other examples of the query come from representative acoustic input. 

[049] Note that as introduced above, although the discussion uses the phrase 
"word spotting" and words as examples of queries, queries can equally be phrases, or 
large units such as sentences, or can even form complex expressions, such as 
1 5 combinations of phrases with "wildcard" or optional portions. 

[050] The subword units do not necessarily have to correspond to linguistic 
units, or to lingustic units in the language contained in the unknown speech 170 that is 
to be processed by the word spotting engine. For example, a corpus of subword units 
trained from English can be used for queries spoken in another language. The 

20 subword units can correspond to linguistic units from one or more languages, or come 
from a universal set. The subword units can also be identified using other techniques 
and do not necessarily correspond to linguistic units. For example, the subword units 
can be identified independent of transcriptions, such as by training an ergodic Hidden 
Markov Model. Because trained subword units from the target language are not 

25 necessary with at least some of these alternatives, it is possible to perform 

wordspotting (and further processing based on the result of wordspotting) without 
requiring any transcribed training speech from the target language. 

[051 ] Optionally, the different model parameters can be used by the query 
recognizer and by the word spotting engine. For example, the model parameters used 
30 by the query recognizer may be matched to the acoustic conditions in which the user 
is expected to utter examples of a query, while the model parameters used by the word 
spotting engine may be matched to the acoustic conditions (e.g., noise level) of the 
unknown speech. 

[052] Processing of the spoken queries and unknown speech can optionally be 
35 performed in two stages. In a first stage, the processing makes use of the subword 
models 130 to derive the acoustically-based input of the spoken query and/or of the 
unknown speech. For example, probabilities that each of the phonemes occur at 
different times in the input are computed in the first stage. This computation can 
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5 occur for the unknown speech prior to the query being defined. Similarly, in the 
mode of operation in which queries are identified in a recording, this preprocessing 
can occur prior to identifying the portions of the recording that contain the query. 
Then, processing of the query to form the processed query 160 and processing of the 
unknown speech to locate the putative query instances each proceed with a separate 

10 second state processing. In one alternative of the first stage processing, phoneme 
lattice is precomputed and later used to process the query and to detect instances of 
the query. In another alternative, "forward" and/or "backward" probabilities are 
precomputed and stored and used by the further processing. 

[053] One application of techniques described above is for searchable voice 
15 information system for the visually impaired. The Talking Books cassette player 

offers a standard and familiar interface that legally blind consumers are familiar with 
due to the distribution of units at no cost by 3rd party state, federal, and private non- 
profit agencies. The function buttons on the Talking Book cassette player have 
standard tactile symbols to help the user identify them. Changes to the Talking 
20 Books interface support the random access capabilities of a digital audio medium, add 
additional functionality, and map functions to control surfaces suitable for use with 
much smaller personal digital devices. The device includes a microphone to record 
voice annotations and a speaker to play back these messages. Buttons on the box 
allow the user to perform basic store and retrieve functions in much the same way that 
25 audio is recorded and played back on other audio recording devices. These buttons 
support management functions such as "Record", "Search", and "Delete" and 
navigation functions such as "Jump Back", "Reverse", "Stop", "Forward", and "Jump 
Forward". Additionally, each button has appropriate tactile icons to aide in 
identification of function. 

30 [054] Simple voice queries initiate the speech searching algorithm. The search 
function interface is implemented as a press-to-talk feature that records the spoken 
query phrase while being pressed and stops recording when released. Immediately 
after the press-to-talk button is released, the search returns a ranked list of matches 
from all of the recorded voice annotations in the system (the current algorithm can 

35 search over 30 hours of recorded audio in less than one second). The user can 

immediately begin playing back and navigating through the fist of match results or 
they can refine the search by speaking another search phrase. 

[055] By pressing the button between subsequent search refinement phrases, a 
form of compound Boolean search is supported while avoiding the limitations of 
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5 automatic speech recognition to segment the Boolean components. To simplify search 
mechanics, the user will not have to specify different types of Boolean operators 
(AND, OR, NOT. . .). This is similar to Internet searches that look for matches on one 
or more words in the typed search phrase. Without the user needing to explicitly enter 
Boolean operators, search results are ranked by whether the match contains all of the 

10 words, how closely the search words are grouped together spatially, etc. The device 
uses similar assumptions about search operator combinations that would be most 
useful and will merge these into the same search. For example, if a user executes a 
search for phrase A followed by a refined search with phrase B then the search results 
will include matches that contain A AND B as well as matches mat contain A OR B. 

15 Along with the search algorithm scores, order on the list are determined by how close 
the search phrases appear, whether they both appear, and the order that they appear. 

[056] The following scenario illustrates the Boolean search function with a 
woman named Susan who wishes to search for a recipe she got from a friend named 
Burdell. Susan remembers recording directions for Burdell's chili recipe last year. 

20 She has more than one chili recipe and multiple references to Burdell stored on her 
system along with thousands of other voice annotations totaling over 3 hours of 
digitized audio. Susan initiates her search by pressing the search button and speaking 
"Burdell". In less than one second, the system returns search results with the highest 
ranked matches listed first. Stepping through the first few matches, Susan quickly 

25 realizes that these contain "Burdell", but they are not related to the chili recipe. To 
refine her search, she presses the search button again (preempting any currently 
playing record) and speaks "chili". A new list of search results is presented using the 
Boolean search rules discussed previously. While scoring high as a match, the first 
few results describe a "Burdell" song favorite called "Chilly Night." Susan 

30 remembers referencing Burdell' s song many times in her system, so she refines her 
search by pressing the search button and adding "recipe". The top match brings 
success: "Chile Recipe by George P. Burdell 

[057] The primary audio presentation from this system will be the playback of 
the users own voice recorded annotations. These records can be played back at 
35 normal speed, fast-forward, and reverse to increase search and navigation efficiency. 
In addition, prerecorded instructions, synthesized speech, and non-speech audio cues 
will also be used to assist with navigation and control options. Simple tones and 
polyphonic sounds will be used for alerts, navigation markers, and command mode 
indicators. Use of non-speech audio cues has been shown to be a useful tool for the 
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5 purposes of user feedback, rapid information presentation, and navigation within 
hierarchical structures. 

[058] The audio presentation will allow the user to quickly review the list of 
audio records that is returned by the search engine. After a search is completed, the 
system will report to the user what was searched for and what was found. For 

10 example, the interface could announce, "Search for spoken phrase returned eight 
matches". In this example, a prerecorded voice will speak the fixed message, the 
user's voice will speak the spoken phrase, and a synthesized voice might speak the 
variable number. The user can play through the entire list of matches at normal speed, 
fast forward, or skip through the list much like skipping tracks on a CD player. Each 

15 matching records could range m length from a few seconds to many minutes, and 
each result in the list will be cued up to play the audio just before the matched search 
phase. The word spotting search algorithm will provide a score for each match, and 
the system will produce a short, non-verbal audio cue that will precede each audio 
result in order to communicate search result score. This will give the user a general 

20 idea about the success of the search. If the very first search result has a bad score the 
user will then immediately know that the search was not successful (even if several 
possible results were returned). The interface will report to the user when the end of 
the list is reached. For example, it may play a special sound or play a spoken 
message: "You have reached the end of the list. Press the Stop button to end the 

25 search or press the Reverse buttons to review previous records". 

[059] Alternative systems that implement the techniques described above can be 
implemented in software, in firmware, in digital electronic circuitry, or in computer 
hardware, or in combinations of them. The system can include a computer program 
product tangibly embodied in a machine-readable storage device for execution by a 

30 programmable processor, and method steps can be performed by a programmable 
processor executing a program of instructions to perform functions by operating on 
input data and generating output. The system can be implemented in one or more 
computer programs that are executable on a programmable system including at least 
one programmable processor coupled to receive data and instructions from, and to 

35 transmit data and instructions to, a data storage system, at least one input device, and 
at least one output device. Each computer program can be implemented in a high- 
level procedural or object-oriented programming language, or in assembly or machine 
language if desired; and in any case, the language can be a compiled or interpreted 
language. Suitable processors include, by way of example, both general and special 
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5 purpose microprocessors. Generally, a processor will receive instructions and data 
from a read-only memory and/or a random access memory. Generally, a computer 
will include one or more mass storage devices for storing data files; such devices 
include magnetic disks, such as internal hard disks and removable disks; magneto- 
optical disks; and optical disks. Storage devices suitable for tangibly embodying 

10 computer program instructions and data include all forms of non-volatile memory, 
including by way of example semiconductor memory devices, such as EPROM, 
EEPROM, and flash memory devices; magnetic disks such as internal hard disks and 
removable disks; magneto-optical disks; and CD-ROM disks. Any of the foregoing 
can be supplemented by, or incorporated in, ASICs (application-specific integrated 

15 circuits). 

[060] It is to be understood that the foregoing description is intended to illustrate 
and not to limit the scope of the invention, which is defined by the scope of the 
appended claims. Other embodiments are within the scope of the following claims. 
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